The absorption spectrum of dideuterated water, D 2 O, has been recorded between 8800 and 9520 cm À1 by intracavity laser absorption spectroscopy (ICLAS) based on a vertical external cavity system emitting laser (VeCSEL) and by high sensitivity Fourier Transform spectroscopy. The combined analysis of the spectra has allowed attributing 1223 transitions to the D 2 O species. The spectrum assignment was performed on the basis of the recent results of variational calculations based on an optimized potential energy surface of D 2 O. A set of 687 energy levels was derived from transitions assigned to eight upper vibrational states, 577 of them being reported for the first time. A detailed line list has been generated. The line intensities were retrieved mainly from the FTS spectrum and the absolute integrated intensities of the 2v 1 + v 2 + v 3 and the v 2 + 3v 3 bands dominating the spectrum have been determined.
Introduction
The absorption spectrum of D 2 O above 8100 cm À1 has been the subject of a few reports:
• the 9160-9390 cm À1 section was recorded and analyzed in 1982 by intracavity laser absorption spectroscopy (ICLAS) with a moderated sensitivity of 10 À7 cm
À1
using an Nd glass laser [1] .
• the (v 1 + v 2 /2 + v 3 ) = 3.5 and 4 polyads near 9300 [2] and 10 300 cm À1 [3] , respectively, were investigated by Fourier transform spectroscopy (FTS) with a 105 m path length.
• the 5OD region (12 570-12 820 cm À1 ) was recorded by ICLAS-Ti-Sapphire associated with a FTS detection scheme [4] .
The present contribution, devoted to the 8800-9520 cm À1 region, corresponds to the full coverage of the (v 1 + v 2 /2 + v 3 ) = 3.5 polyad which is the 2nd decade of resonating states (the 1st decade lying in the 7500-8300 cm À1 region has been analyzed in Ref. [5] ). As just mentioned, this polyad was previously investigated [1, 2] but the higher sensitivity of the experimental methods presently implemented will provide a much deeper knowledge of this spectral region. The absorption spectrum was recorded in parallel in Reims by Fourier Transform spectroscopy with a 600 m path length and in Grenoble by ICLAS based on vertical external cavity surface emitting lasers (VeCSEL). An equivalent sensitivity corresponding to a detection limit a min $ 5 · 10 À9 cm À1 was achieved in the two recordings. As discussed below, the combination of the two spectra obtained by different methods proved to be a valuable help in the species and rovibrational assignment process.
An overview of the H 2 O, HDO, and D 2 O stick spectra in the region of interest is presented in Fig. 1 of Ref. [6] . The D 2 O spectrum is dominated by two well separated bands: the 2v 1 + v 2 + v 3 and the v 2 + 3v 3 bands centered at 9050.349 and 9366.313 cm À1 respectively. A global comparison of the absorbance in the region shows that (for the pure species), the HDO and D 2 O absorbance are on the same order of magnitude while the absorbance of H 2 16 O is much stronger than that of the D 2 O and HDO isotopologues below 9000 cm À1 .
Experimental details

FTS spectrum
The FTS spectra have been recorded by the BruxellesReims (BR) group and the detail of the experimental setup has been described elsewhere [7] [8] [9] . Briefly, a Bruker IFS 120M Fourier transform spectrometer was coupled to a long multiple reflection absorption cell of 50 m base length. The unapodized resolution defined as 0.9/maximum optical path difference (Bruker definition) was set to 0.03 cm À1 . No apodization function was used. A path length of 600 m was chosen in order to maximize the signal-to-noise (S/N) ratio. The light source was a 250 W tungsten halogen lamp (ORIEL) and the detector was a silicon diode sensitive over the whole spectral range investigated. All the spectra were recorded at room temperature (291 K ± 3 K) monitored in the cell by three platinum resistance thermometers. The temperature was not stabilized and may therefore differ by up to 2 K from one end to the other. Several spectra were recorded successively with a given sample to allow the monitoring of any change in the pressure resulting from condensation on the walls of the cell. Each spectrum was the result of the Fourier transformation of 128 co-added interferograms. To improve the S/N ratio, six spectra corresponding to a total recording time of 15 h, were co-added. A detectivity of a min $ 4.5 · 10 À9 and 2 · 10 À8 cm À1 corresponding to an rms S/N ratio of 3600 and 800 was achieved at 9500 and 8800 cm À1 , respectively. The D 2 16 O sample was purchased from the Commissariat à l'Energie Atomique (CEA) with a stated purity of 99.9%. In order to discriminate the transitions due to H 2 O, HDO or D 2 O, different H 2 O/D 2 O mixtures were introduced into the cell. In these mixtures, the H 2 O partial pressure was first determined from the intensity of about one hundred strong and well isolated lines. Then, the HDO and D 2 O partial pressures were calculated either by using the equilibrium constant given in [10] , K eq = 3.86 ± 0.07 for the reaction H 2 O + D 2 O M 2 HDO or from the ratios of selected line intensities of the two species. The determined values of the relative D 2 O/HDO/H 2 O concentrations are reported in percentages in Table 1 . Fig. 1 shows a small section of the absorption spectra B and C (see Table 1 ) obtained with different experimental conditions. After their wavenumber calibration versus the Hitran 2004 database and the BR database (http://www.ulb.ac.be/cpm/) by using the stronger H 2 O lines, the atmospheric contribution due to the absorption within the external path between the light source and the spectrometer was removed by the same procedure as described in Ref. [11] . The D 2 O lines were easily identified from the variation of their intensities with the sample composition. The procedure is illustrated on Fig. 1 : the D 2 O lines are those appearing as peaks on the ratio of spectra B and C.
ICLAS-VeCSEL spectrum
The ICLAS spectra were recorded with the experimental setup based on a VeCSEL previously described in Refs. [12, 13] and recently applied to the study of the HDO absorption spectrum in the same region [6] . The achieved sensitivity was on the order of a min $ 5 · 10 À9 cm À1 , which is less than the best performances achieved in other spectral regions (see for instance Refs. [13] [14] [15] [16] ) as a consequence of the poorer laser properties of the VeCSEL presently used.
The spectra were recorded with generation times up to 130 ls, leading to equivalent absorption path lengths on the order of 23.4 km as the filling ratio of the laser cavity by the absorption cell was 60%. The spectral resolution was about 0.04 cm À1 slightly larger than the Dö ppler broadening (0.028 cm À1 FWHM). As a result of the rapid proton exchange in water and the omnipresence of the main isotopologue, H 2 O, adsorbed on the walls of the filling line and of the absorption cell, it is difficult to obtain a sample of water with a largely dominant fraction of the D 2 O isotopologue. This was however achieved with the ICLAS cell (about 200 cm 3 volume) as the experimental procedure consisting in successively filling the cell with dideuterated water, recording the spectrum, vacuuming the cell and recording the background spectrum, was performed several hundred of times and then washed out the H 2 O isotopologue from the cell. The ICLAS spectrum was obtained by adding 12 cm À1 wide sections of the spectrum recorded successively with the 3754 photodiode array placed at the exit of the spectrograph dispersing the VeCSEL beam. The wavenumber calibration procedure of each elementary spectrum requires the knowledge of reference line positions. We used the HDO line positions measured by FTS [17] as reference which leads to an agreement within about 0.003 cm À1 with the line positions measured independently on the FTS spectrum recorded in Reims. Note. The path length and resolution for all the spectra were 602.32 m and 0.03 cm À1 , respectively.
Line list construction
The D 2 O lines were discriminated among the HDO and H 2 O lines by using the procedure illustrated in Fig. 2 À1 region where the two spectra are available. In this common region, the line positions were found to agree with a 0.004 cm À1 rms deviation. The accuracy of the FTS intensities, mainly limited by the uncertainty on the D 2 O concentration in the FTS sample is estimated to 10 % for the lines which are not among the weakest. On the other hand, the specific laser dynamics of VeCSELs prevents their use for accurate quantitative measurements by ICLAS-VeCSEL (see Refs. [6, 19] for more details about this issue). We then adopted the FTS line intensities for strong and middle intensity lines, which led to a set of 625 FT lines which was gathered with 213, mostly weak, lines measured by ICLAS. As the relative concentration of D 2 O compared to H 2 O was about 15 times higher in the ICLAS sample compared to the FTS sample with higher D 2 O relative concentration (spectrum B), some of the relatively strong lines were also retrieved from the ICLAS spectrum in the case of unrecoverable overlapping with strong H 2 O lines Absolute intensities of the ICLAS lines were estimated from their peak absorption and scaled on the FT absolute intensities of the nearby lines. The accuracy of these ICLAS intensities is poorer and estimated to 30-50% on average.
The weakest lines which have been detected have an intensity value on the order of 5 · 10 À27 cm/molecule both for FTS and ICLAS.
Rovibrational assignment and discussion
Line assignment
In the assignment process of the resulting set of 1223 D 2 O lines, we used the synthetic line list based on D 2 O potential energy surface (PES) [20] and Schwenke and Partridge ab initio dipole moment surface (DMS) [21] . The D 2 O PES was optimized by the fitting to 720 experimental energy levels with the rotational quantum number J = 0, 2, 5, and 10. These levels lie up to 13000 cm À1 above the ground state. Morphing the original ab initio potential energy surface [22] using 25 constants reproduced the levels used in the fit with a standard deviation of 0.033 cm À1 . This fit was presently used to generate a line list of all D 2 O transitions up to 11 000 cm À1 and J 6 17. The DVR3D program suite [23] was used with 21 radial grid points for Morse oscillator-like basis functions and 40 angular grid points based on (associated) Legendre polynomials. A final Hamiltonian matrix of dimension 1500 was used for the vibrational calculations and 300 * (J + 1 À p) for the rotational calculations, where the parity p = 0 or 1. The masses were set at M D = 2.013553 u and M O = 15.990526 u.
In the last years, this assignment procedure based on the comparison of the observed and calculated line parameters has proven to be the most efficient for assigning the water isotopologues spectra. It takes also into account for the regular and smooth tendencies in the deviations of the observed levels from their calculated values. Though the (obs. À calc.) values may reach up to several cm À1 , which leads to tens experimental lines as possible candidates for the considered assignment, the existence of evident (obs. À calc.) tendencies combined with intensity matching still provides reliable assignments. The deviations for all observed rotational quantum numbers (up to J = 17) were found to vary from 0.01 to 0.40 cm À1 . We compared our synthetic spectrum [20, 21] with that of Partridge and Schwenke [21, 24] (PS), which can also be used for D 2 O assignment (see, for example, [25, 26] ). As stated in [25] for low lying vibrational states, the (obs. À calc.) deviations for SP calculation may increase up to 1.2 cm À1 but preserve their regular dependence on J and K a quantum numbers up to J, K a values around 30 thus providing reliable criteria for assignment of the hot D 2 O spectra. However, it is not the case for the spectral region under interest: the (obs. À calc.) deviations for PS calculations loose their regularity and increase much starting at J = 10, (see Fig. 3 ), reaching À1.53 cm À1 for J = 16. Interestingly, PS HDO synthetic spectrum is much better in the same spectral region, (obs. À calc.) values not exceeding 0.05 cm À1 on average [6] . The reason for the poor accuracy of the PS calculations for D 2 O may be caused by the fact that, contrary to HDO, the PES of D 2 O [24] was not optimized by a fitting to the experimental line positions. In contrast with PS calculations, the presently used D 2 O PES which was obtained in Ref. [20] , shows though rather large, but regular (obs. À calc.) deviations up to J = 17.
For assignment purpose, the intensity and line position matching between theory and experiment are both important. Figs. 4 and 5 illustrate the very satisfactory agreement between the experimental and calculated stick spectra, respectively, in the whole investigated spectral region and in a small interval. The calculated intensities are, on aver- observed positions, observed and calculated [20, 21] intensities followed by their rovibrational assignment.
Energy levels
A summary of the quantitative information obtained in this study is given in Table 2 . An important set of 687 accurate energy levels belonging to eight vibrational states listed in Table 2 was derived by adding the ground state experimental rotational energies [26] to the observed transitions. They are listed in Tables 3 and 4 . Only separate energy levels were derived for the (0 3 2), (2 3 0), and (2 2 1) states. For the other five states, the number of energy levels is comparable or significantly exceeds that of the main isotopologue, H 2 16 O. The band origins for the (1 3 1) and (3 1 0) states were extrapolated from the (obs. À calc.) tendency for the [J0J] levels (see Fig. 3 ). That of the (2 2 1) state, presently observed through a hot band, was derived from (2 2 1)-(0 0 0) transitions assigned in the FTS spectrum between 10 000 and 10 485 cm À1 spectral region. In our strivings to produce as complete identification of the spectrum as possible, we admit a definite risk of less reliable assignment. The few less reliable assignments as well as the energy levels derived from them are marked as ''T'' (tentative) in Tables 3 and 4 and in the Supplementary Material. Tentative assignments (16 in total) concern, first of all, single weak lines not included into combination difference relations. They may either significantly deviate from the (obs. À calc.) tendency or from the calculated intensity, or they represent additional assignments to already identified transition. Finally, part of the energy levels is derived from blended lines and has poorer accuracy. These levels are marked by ''B'' in Tables 3 and 4 No interpolyad interactions were traced for the 2nd decade of D 2 [26] .
We included in Table 2 a comparison of the energy levels set presently derived with that of Ref. [2] where a total of 110 levels belonging to the (2 1 1), (3 1 0) , and (0 3 2) vibrational states were determined. 103 levels coincide with ours within 0.0021 cm À1 while 7 outliers deviate from 0.009 up to 0.034 cm À1 . Consequently, the number of newly derived energy levels is 577. The spectrum assignment in [2] was based on the Effective Hamiltonian (EH) approach; seven vibrational states were involved into a simultaneous fit, six of them being, in fact, dark levels. The band origins evaluated in [2] from the energy levels fitting are reproduced in Table 2 . Band centers for all dark states excluding (3 1 0) deviate from our precise experimental or predicted [20] values by as much as 12.3 cm À1 . This situation illustrates one of the most serious drawbacks of the EH method: a poor predictive ability despite the high quality of the fitting.
Despite recent advances in the analysis of the D 2 O line positions (see, for example, Refs. [2, 4, 25, 26, 28] ), much less is known about the D 2 O transition intensities. We include in Table 2 , the experimental integrated band intensities obtained as the sum of the intensities of all transitions assigned to a given band. (In case of a blended line, the line intensity was attributed to the vibrational level with the dominant contribution). As seen from Table 2 , as well as from Fig. 4 , the 2v 1 + v 2 + v 3 band, dominating the 8800-9200 cm À1 region, is about seven times stronger than the v 2 + 3v 3 band dominating the 9200-9500 cm À1 region.
Conclusion
High resolution Fourier Transform and ICLAS-VeC-SEL spectra of D 2 O molecule in the 8800-9520 cm region has been assigned on the basis of high quality variational calculations. The combination of these two high sensitive absorption spectra recorded independently with different experimental conditions has allowed for the determination of a precise and extensive set of 577 new rotational energy levels belonging to eight vibrational states: (2 1 1), (0 1 3), (1 1 2), (3 1 0), (0 3 2), (2 3 0), and (1 3 1). Intensity measurements were also performed and integrated intensi- Note. N is the number of lines used for the upper energy level determination and r denotes the corresponding experimental uncertainty in 10 À3 cm À1 units. ''B'' denotes the energy level derived from blended line and then with an accuracy worse than the averaged one. Energy levels marked with ''T'' were derived from lines with tentative assignment (see text).
À1
ties of the considered vibrational bands were estimated. The comparison of two variational calculations: Partridge and Schwenke (PES of Ref. [24] and DMS of Ref. [21] ) and that obtained by combining the PES of Ref. [20] with the DMS of Ref. [21] , has shown that the PS calculation starts to diverge at J P 10, leading to irregular (obs. À calc.) deviations as large as 1.53 cm À1 , while the new one shows regular and smooth (obs. À calc.) tendencies up to J = 17. However, these new calculations deviate from the experimental rovibrational term value by up to 0.4 cm À1 , which may in certain cases prevent performing unambiguous assignment. The experimental data derived in this paper by combining ICLAS-VeCSEL and FTS spectra will help to further refine both the PES and the DMS of the D 2 O molecule.
